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Abstract: In the control of flexible manipulators, the acceleration feedback is proven to be an effective and easily imple-
mentable method to alleviate vibration. So far, however, there is no strict theoretical proof with regard to its effectiveness. In
this paper, the analysis of the dynamic equations of a single-link flexible manipulator is presented using the unconstrained modal
analysis method, then the theory and implementation of the acceleration feedback are investigated and discussed. Some impor-

tant conclusions are drawn.

Key words: flexible manipulators; acceleration feedback; vibration; stability

1 3|5 (Introduction)

12 R AT B B b, Al I8 BR R R 3 —
B AT ST 4 18] 40 o 3 T A e e R A S
B sl b B 4 UE B R — B SR B SE B T AR O
2, EAREX ZHENUTF A 3L, B BT BRI L
W b IR 3, R H AT R VAR T B A
REE A —FhAMEF B, A T HEBR AR AR R
BAH ANXHE R A 5K 3128 H & (collocated , B & T [H]
— ) W IE R AT T IE N B B AT s R
& (noncollocated ) 1& . B /0 H J1 4 ¥r , 2B RSB
FAURBRT R SZ 8 & A M 5 5R, — i
KB B IR S B B R R AR5 B 5 R R R 5%
AR, 1H B IR 2l #8 AR I 04 10 5 B S o R B
o o SR P AR S A I VR A, b A BE ] G 2TV 0 . A
SCHE M ZS A0 AT B9 A BE T, o B R Bt O 4
Jr R, B I MR R AR E M O ik, X
TR M E R BB R, I ELR T4
ESEAR T IS B SRR
2 1% FH RS54 (Analysis of dynamic equa-

. tions)

ZA3CF 1996 48 12 A 23 HH) . 1998 48 8 A 27 H BB MR .

BEFEENMRTFOEPBERERZRTHREE

T AT e E A B IR s 3 = A DL A
Euler-Bemnoulli B ik #£mM,

prZUn | g, st o ()

XH o HEFREEFE (kg/m’), Ap Jo 7% FF B H

(m?) , EI REATRIE (Nm?) , y RREF& S A

MY HIARE(m), ] NEFKE(m),0 < x < 1. R

b uly S S Lo
y(0,¢) =0, Elg—zzgcz+u=1haf':—2(g—§),
B3 3 R AR A A ?
w2y -y, 5(2),
PR @

axS = mp H;iy
Hoor J, FoR XK HHE (kg - '), m, HRBFTR
(kg), J, A EAR B (kg - m*) . FEFFALBE T B R
ZESEIER

y(o0) = S8 ()au(1) = 6 4 §(x,0),
(4a)



554 EaElEE S N A 16 %
e —
He ¢, (x) S IE R B, g, (0) R X AR,y R RIAIRSII R
s pF T (m), B yP(x,t) + x8() + §(x,t) =0

950(95) = %, (IO(t) = 6(t).
mexyifm () @%Wjﬁﬂﬁ‘ B 1 44 32 Bl 0 58 1
?&ZﬁJJ@??l@B’Jﬁ%g}tﬁt

(e) = (1) + anqn(t),

He p; jaﬁ%mﬁl %‘I)\ﬁuTé’Jiﬁ!ﬁb\%ﬁ(%“ﬁ
it o T AR SO R A R )
x—>x/l, y—=>7y/l;,

(4b)

i —>t/a,
w(t) > a*u(e)/ Iy,

Hrp

a? =

pA0l4 - &40_13
A
M, L
€= pAgl” 1T paplt
W35 2 R R AT E R
Y@ (x,0) + 28(0) +5(x,0) =0,
(1) - by®(0,1) = u(e),
y(0,¢) = 0, y1(0,1) =0, (5)
U”(l,t) = ci[0(e) + 7V (1,0)],
yP(1,0) = col8(e) + 7(1,0)].
s e B W P B 0 B AR
y(x,0) A 0(0) HIATEIBA (4a, b)RA(5)
3 (x) - wilap; + $;(x)) =0,
$,(0) = $V(0) = 0,

$O(1) = cwilp + #(D], «©
$O(1) = - cowllpi + $:(1].

Hooft o 0 EARER, BT
i+ @qi =0, i=1~0o, (M

sl (1) 90, () FH R, IR AL

A

pdi — b¢§2)(0)qi =0, i=1~ o, (8)

HE B
b$$> (0)
= TS
g A EAT LI A8 P DL TR B 2 0 TE 5
X7 ,K%ﬁ%%ﬂé‘?’“ﬁﬁ"éﬂﬁﬂﬁ%#ﬁ

i =1~ 0, (9)

6(l> - by(z)((),t) = u(t), (10)
ey R &I RAN0)NF AT
ﬁ(t) = u(t), (11)

- BB R A

y@(1,1) = - [8(0) + 7V (A, 0)],
yP(1,0) = col8(2) + 5(1,8)]
W B IFR, I B IR 3 7 R A D R AR DL SRR
R MW ERLXR, RITTUFHUTRR:

g;(¢) + w?qj(t) + ep]ﬁ(t) =0, (12)
eSS Py TIPSR
{-%j(t) = u(e),
Gi(t) + wig(t) = - epu(s), j=1~ .
(13)

WS STETS LIRS BARPTRR
S 3 R R AR AL X 7R 48 W W SR R B 1 2 T
PRI R I TR KB, (U RO S A8 4L,
MER e 5. HTXNXTAET pq 0, HELTHE
U T b A5 R i i Hh R ) R RS B B4
&) A, SRR FRATT T AR 5 b B 5 A% SRR A B0 i i
RAgEHIE . BN, T ARESSBRPEAETIA
%23‘?*»%%jﬁﬁ]%ﬁ%ﬂlﬁbﬂﬂ%ﬁ%ﬁ*ﬁ?ﬁtﬂ(spillover)
), H A S BRI R R G RRE .
i 52 3R B AR AE R B SR AR SR A S HE S,
BA1H LT 4
BEE RSN IK n HHE
a) ¢,(1) WIREE B SAE;
b) p, HIREB/D, 5 RFEAEH—HENIE.
3 N E KR i (Acceleration feedback)
B2 2 7 2 PR R A o R i R BE T R DA
HXMRRH
accel = y(1,¢) + 8(s), (14)
BB E P B 0 B AR LA RS,
i B R A A R N
U, =- K,(#(1,1) + 8(1)). (15)
Ho K, AR BRI R AR SN RT A
PD #HIAE A A B I, RSB R E R
U=U,+U;+ U, =
- KA(t) - KH(t) - K, (3(1,8) + 6(2)).

(16)

#(4a), (4b) ¥ (16) REF, HFBEHEHRATE
(13), MEAARGE TR

AX(t) + BX(t) + €X(1) = 0. (17)

Hr




43 YU 03 B S R R 0 — R 555
1 + Ka (Pl + ¢1(1)>Ka (pn + ¢n)1<a
4o | K T-api+ 4i(1D)K, = epi(py + $2) K,
- eana - epn(pl + ¢1<1))Ka 1- epn<Pn + ¢rz>1<¢1,
1 P1 Pn » - K, nKk, Pk
PR A 2 S| |- e]fle - ep1p1.Kp + wi - epfanp
- ep,  — eppy ~ €pnDy - ep,K, - epp1 K, - K, + @)
XA RIEZHIT AL diag(1, - Ve, - Ve, - GiibR.
v, = 1/e,) 8 (e < 0) A X(t) + BX(1) + CX(1) = 0. (20)
A X)) + BX(e) + CX(¢) =0. (18)  HP
FERATHEH (18) 2 FF 7 B MR e L+ K (p)K, (pa) K,
1A~ 43 - oz - elea l_ 6P1<P1)Ka - ep](pn)Ka
FEBANTNET I L7 I 2 B 5| 3, Ay = _ . . _ ,

TE 1% WFRSL AV ) + BX(1) + CX(1)
= F(1),X(¢),F(t) € R", % A,B,C ¥IHEEN
PREEEE , M R GEUTE R . IE — BB R & T
FAAEE, MR ZE AR E.

EX 1 MTEHEIUTISNES, KP4, B,
CRRA M AR T, F(1) A ES T
TR A RIEAFSRN, H

A'B = §18,, A'C = T\T,,
Ty, Ty 81, Sy IXFRIEME, B Ty, S; FIEEHMEGE
T1,81 > 0), MEAIFR A-1B, A" C KA 5t R{b4E
W R R GFR N Al i pR Ak B 416

EE2 XMAXMHLRLE, MES, = T,,47'B
Be AT'C M RRAEME O IES2 8, W B R S dr R
2 (GEB 2 0 3CHk[5]).

B — ML RED, :

i1 MNTUMKLERS, WRS, = T,
ANC R IEE M IESC8, T A B WS E R AR
MIESEH, MR G B E R E . E B 2 0 3CHk[6].

(18) NPT R RLE, W K, , K, > 0,1 B, ¢’ Hyxt
WAEREHRE ERE, BT 6,(1) WBAERE A, R
ERIEXFRE, MERAER. BILY K, WER
(19) B (BP R FH—/N¥) , RSB R .

1
Ka>( l—epi(Pi+¢i(1))

) s i=l~oo,
(19)
OB TSR , AR B I 0 BT A S AR
I, 2R SR A T & R AR SRR IF . 740 4
ATRLR B, R G AR YR RS I 5(1,
t) A F L, R TR, AR R Gk
KERT RE T AR DUOR . BUE 5 (1,0) BB 2, IR R

- Ky - . (p)K, - 1-ep,(p,)K,
n—> o, BHIC[FIH]. (20) & Fexf f 4 diag(1, - 1/,
- 1Ve,, - 1/e), MIFRGEH BN
AyX(t) + BX(t) + C'X(¢) =0, - (21)

Hrep, Ay fC RIEREH, B IXFRAIERE, (21)
ZER(A))VE, AT = Sy = (A7), it 23 2
AR 1 AR, REWNERE . X/, 78
LUR YT BN BT RBE LR, SR R G
ERSRE . R, AR F S, 28 G0 B0 M8 1k e o g £ 348
I, B RGBT T 35, SO BB S50 b R 3 36
SREG RSN N AL, R R B S IR R RE Rk, B
T o T A5 P R o (LA K, 5 2R 5 FEL J A R U
RGBSR EARA .
4 niE E R 1% 89 SE 3 (Implementation of the

acceleration feedback)

32 BE 6 i ol P 3L R, B S ) 9 B
T EE 3(1, ¢) A5 33 3l 03

\ accel = 7(1,¢) + 8(¢),

MIE A EREBED, XA ERERE LR,
O(e) T RERER L ELPAEBKMWIRE O ~
So) T 3 (1,¢) WS BRIE e B 3 B4 P e 8 1Y
WEE(f1, foro0 ) &, B fo < fi 4B, 57(1,¢)
ATH ERRBUEER R fo FGEE BRI, H T8
FIR GG IR BN EE , T AT FRAULIR W £, 09
BIETLARKE O (1) YR, [FI A 35 pB 30 0 B 2 7 7T B
IR RS HE BN E—% EFRBULSE Y £, 0
B IR 2% . X — 0 R e T 4R sk i . X
PR B3] T R IR IR Bh A %8 . 34> o B e i ]
2 CER5].



556 BEHEKLS MM

16 %

5 SEIGH 5T (Bxperimental study)

T S5 A ) S B AR FR AT B AT ROV ) Y R
PR T S & _EdEAT . %P & T T # 3
S FAURT, PR S8 — 57 B AT 28 2 B OG99 1Y
PUBF, REVR T EES O B K 0.75m, B

$20.08m, & JE 0.003m, Kim i E 1.5kg, RT3
B & 1100 x 10 kgm?, F8 th BB H AL, K R EH
IN-O6E 24 =008 BE sl BE . st B i R ZE M 25 E
0 ~ 500Hz, A% B2 10~ Sg. AL B #E MR IR M PD
PR, ) EH AR R T R R R 60°, HFIHERK
W AR LR E R EEWE 1,

T

I

mihlfES
- .............. ,I I}J%ﬁﬂk‘% l._
PC T ..............

MUET“ 5
F——— sttt sttt

B1 KERE

Fig. 1 Experimental installation
KB 1 JomE B R i R L A 2, K iR

gl o B (R i 9 30 0 328 BE 1 AR A 1), 8 e 4 g e
o] R st R K, = 0.6,K, = 10.

SR8 2 TESEHY 1 AYEAR b ohn oK R R R
B, B3, AR REK, = 0.6,K, = 60. FT LI
B B R, RGeS N, R SRR
i, EX AR IR S M A K

SR8 3 TESEE 1AL BT R AU BR 3 m

Sk
._NL:)AUI

-\‘
ot W\\N \/\VVJJ\/\/\/\\A
-2

_3 j
-4 N t/S
0 2 4 6 8 10 n

B2 Rk gh AR ma B i 2%
Fig. 2 Responses for the end-point deflection

_“.g*

bt
|

5
4
|
I
2
1

A

T
Mk

-3
—40 2 4 6 8 10 12 "

B4 RundeshRoR m Bz g 2%
Fig. 4 Responses for the end-point deflection
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Fig. 3 Responses for the end-point deflection
5

S

-2 H

wahhr R

0 2 4 6 8 10 12
B 5 Rumdesh A R 2
Fig. 5 Responses for the end-point deflection




4 3 RPN I B S A5 R 135 — 2B B AT 557

MNELT 25 SR BAT AT UAS H 4536, hn 8 B v 9 4
HH B 15t S BB A 55 ot T o AR s AR B, T B o B 7 AR
B AEARREBR T SRR 30, T B RS e v
AF.
6 %5 (Conclusion)

A SR R P SRS A A0 5 v, 0 B AT
DU T 19 i B IR IR BB R AT T R 5%, BRI BF ST A
SEEAFR ML R R, 253 uE IS 1 K 0
I SRR S BEIR R AR B M, HLAR A o4
SR i B0 B Bl . TS 28 U U8 A 8 A b R E R Rt B 4
HIRSE HE AR, th Tk T B R S 4R 3 . — sk i, 3k
ﬁ‘ﬁﬂ’ﬁf?@%ﬁﬁitﬂﬁ'ﬁﬁﬁﬁﬁ@?ﬁﬁﬁ%%%@ﬁ,
B BE B AR A S — R Bk 0 B 3 B 0 1 SRR S8 i 1
R, T HEPEERPN AT EINE, X—48
BETH B A o ) 1R 3h 3 B8 B 27 R e AR G 2

8 & 3Lk (References)

1 Sim E and Lee S W. Active vibration control of flexible structures with
acceleration feedback. J. of Guidance Control & Dynamics, 1993, 16
(2):413 - 415

2 Korrami F and Jain Sandeep. Nonlinear control with end-point accelera-
tion feedback for a two-link flexible manipulator; experimental results.
. of Robotic Systems, 1993,10(4):505 - 530

3 Park J H and Asada H. Design and analysis of flexible arms for mini-
muni-phase end-point control. Proc. Amer. Control Conf., 1990, 2.

1220 - 1225

4 Cetinkunt S and Yu W L. Closed-loop behavior of a feedback-controlled
flexible arm:a compa rative study. Int. J. Robotics Research, 1991, 10
(3):263-275

5 KRE BTEBRENEENMTFREHTR.(BLEHITRE].
Jemt EERETENER,19%6

6 Inman D J. Dynamics of asymmetric nonconservative systems. Trans.
ASME, J. Applied Mechanics, 1983,50(1):199 - 203

ALAEH A~

AT 1968 F4 1994 EFEAH BT K2 MM S HETER
TR B2 1995 4EZ 1996 AL K2 H B LA HEH
MR AEE LR 1997 4 1| ARERE LR 2S00
SRR T LERNFE G IR, F BT ZEIRE o)
RENBHEL S LR RETE. ERASIPTIUE R ED
X20RHE.

FIEIT 1943 4F 41966 AL TR A2 B 2 B4 K, 1981
E&*ﬁaﬂ%ﬂﬂﬁ:&%&.ﬂﬁ?ﬁ&jﬁ%ﬁ;ﬁm%%‘cﬁ,@iéﬁ%m,%
HEERHK 863 BRI ¥ A @IBASRALEK, 2EEEE
LR EESRS e T STRE, ZHREEHER L —
HR -TREZER  FELL 108, 5L 7. TERL IS
A TER SR B, PLES A B SR

WEE 1964 F4 . 198 FEFERFTENR T ENN AL
W AR L2 BAEE R AL S M A B L
AR BER TP L% 8 R 5T, b4 — 5% 4 IEEE T
TFIFERTAYERLI S B, BRATYRFRI 155 . BETFsN
RO A o 2 P S ), R O B SR A R L B
UN:chet E o

(E#% 552 R)

(M AR T4 E BB R), @ T i#—5
WIS B 5L b, A SCE & 2 T Rl A R 5 351
IR 5 F 1) S BB T — R 0 2% (FVSC) R T
AEXERHER.

S % 3Lk (References)

L EBEE R 0 8BS B3 R 5 5 B
R BB 58,1996, 3CETI) ;141 - 146

2 FHilipov A F. Differential Equations with Discontinuous Right Hand
Sides. Am. Math. Soc. Trans.,1964,42.199 — 231

3 YiSY and Chung M J. Systematic design and stability analysis of a

fuzzy logic controller. Fuzzy Sets and Systems, 1995,72:271 - 298

4 Corless M T and Leitmann G. Continuous state feedback guaranteeing
uniform ultimate boundedness for uncertain dynamic systems. IEEE
Trans. , 1981, AC-26(5) : 1139 - 1144

5 Wang L X. Adaptive Fuzzy Systems and Control; Design and Stability
Analysis. Singapore: PTR Prentice Hall, 1995

AXAEH WA
E M 1964 F4 WP A BIER RIS B RE,
PIEAER T TR RS s R 4
ERE RBAT 1999 F5 1 5% 20 7.
BEY RATI 19948 1 HE LR,



